Lipoamino acids are anandamide-related endogenous molecules that induce analgesia via unresolved mechanisms. Here, we provide evidence that the T-type/Cav3 calcium channels are important pharmacological targets underlying their physiological effects. Various lipoamino acids, including N-arachidonoyl glycine (NAGly), reversibly inhibited Cav3.1, Cav3.2, and Cav3.3 currents, with potent effects on Cav3.2 [EC 50 ϳ200 nM for N-arachidonoyl 3-OH-␥-aminobutyric acid (NAGABA-OH)]. This inhibition involved a large shift in the Cav3.2 steady-state inactivation and persisted during fatty acid amide hydrolase (FAAH) inhibition as well as in cell-free outside-out patch. In contrast, lipoamino acids had weak effects on high-voltage-activated (HVA) Cav1.2 and Cav2.2 calcium currents, on Nav1.7 and Nav1.8 sodium currents, and on anandamide-sensitive TRPV1 and TASK1 currents. Accordingly, lipoamino acids strongly inhibited native Cav3.2 currents in sensory neurons with small effects on sodium and HVA calcium currents. In addition, we demonstrate here that lipoamino acids NAGly and NAGABA-OH produced a strong thermal analgesia and that these effects (but not those of morphine) were abolished in Cav3.2 knock-out mice. Collectively, our data revealed lipoamino acids as a family of endogenous T-type channel inhibitors, suggesting that these ligands can modulate multiple cell functions via this newly evidenced regulation.
Introduction
T-type calcium channels (T-channels) have important roles in cell excitability and calcium signaling, contributing to a wide variety of physiological functions. In the nervous system, T-channels are implicated in spontaneous firing (Perez-Reyes, 2003) , slow-wave sleep (Lee et al., 2004) , epilepsy (Kim et al., 2001; Becker et al., 2008) , pain perception (Todorovic et al., 2001; Bourinet et al., 2005; Choi et al., 2007; Nelson et al., 2007a) , and differentiation (Chemin et al., 2002) . Three T-channel subunits have been identified: Cav3.1, Cav3.2, and Cav3.3 (Perez-Reyes, 2003) , which are implicated in distinct physiological functions, as recently supported by knock-out (KO) mice studies (Kim et al., 2001; Chen et al., 2003; Lee et al., 2004; Mangoni et al., 2006; Choi et al., 2007) . Over the past few years, intracellular messenger pathways (Wolfe et al., 2003; Chemin et al., 2006; Park et al., 2006; Chemin et al., 2007b; Hildebrand et al., 2007; Iftinca et al., 2007; Tao et al., 2008) and endogenous ligands (Nelson et al., 2007a,b; Traboulsie et al., 2007; Maeda et al., 2009 ) regulating Cav3 activity were identified, including bioactive lipids (Chemin et al., 2001 (Chemin et al., , 2007a Ross et al., 2008 Ross et al., , 2009 .
These bioactive lipids, as exemplified with anandamide [N-arachidonoyl ethanolamide (NAEA)] and N-arachidonoyl dopamine (NADA), also interact with other targets, mainly G-protein-coupled receptors (GPCRs), including cannabinoid (CB) receptors (Devane et al., 1992; Bisogno et al., 2000) and ion channels, including TRPV1 (Zygmunt et al., 1999; Huang et al., 2002; De Petrocellis and Di Marzo, 2009 ), which prevents unraveling the contribution of Cav3 modulation in their physiological effects. Recently, a new class of signaling molecules, the lipoamino acids, was identified in mammalian tissues (Huang et al., 2001; Bradshaw and Walker, 2005; Milman et al., 2006) . The prototype of this class of endogenous lipids, N-arachidonoyl glycine (NAGly), was found at relatively high levels in various tissues, including brain, spinal cord, intestine, kidney, blood, and skin (Huang et al., 2001) . NAGly is closely related to the endocannabinoid NAEA and displays cannabimimetic properties, including anti-nociceptive effects (Huang et al., 2001; Burstein et al., 2002; Bradshaw and Walker, 2005; Burstein, 2008; Succar et al., 2007; Vuong et al., 2008) . However, this endogenous molecule, which differs from NAEA by a single oxygen moiety (see Fig. 1C ), activates neither known cannabinoid receptors nor the thermosensitive TRPV1 (Sheskin et al., 1997; Huang et al., 2001; Bradshaw and Walker, 2005; Burstein, 2008) and therefore NAGly displays analgesic effects via unresolved mechanisms. In this context, it is interesting to note that we have previously identified that NAEA is a T-channel blocker, especially of Cav3.2 (Chemin et al., 2001 (Chemin et al., , 2007a , which supports T-currents in sensory neurons and participates in the transmission of nociceptive stimuli (Todorovic et al., 2001; Bourinet et al., 2005; Choi et al., 2007; Nelson et al., 2007a) . Considering that lipoamino acids and T-channel activity are linked to overlapping physiological responses, we hypothesized that lipoamino acids might regulate T-channels to mediate their analgesic effects.
Materials and Methods
Cell culture and transfection protocols. tsA-201 cells were cultivated in DMEM supplemented with GlutaMax and 10% fetal bovine serum (Invitrogen). tsA-201 cell transfection was performed using jet-PEI (QBiogen) with a DNA mix containing 0.5% of a GFP plasmid and 99.5% of either of the plasmid constructs that code for human Cav3.1a, Cav3.2, and Cav3.3 T-channel isoforms, human TASK-1, human Nav1.7, and human TRPV-1. Cav1.2 and Cav2.2 were transfected in the same conditions with a mix containing the ␣2-␦1 and ␤2 subunits in a (2:1:1 ratio). To obtain efficient expression of Nav1.8 currents we used the F11 cells, a cell line derived from neuroblastoma ϫ dorsal root ganglion (DRG) neurons. F11 cells were cultivated in Ham's F-12 (Invitrogen) supplemented with GlutaMax, 15% fetal bovine serum, 2% hypoxanthine/aminopterin/thymidine (Invitrogen), and 200 g/ml cis-4-hydroxy-L-proline (Sigma). F11 cell transfection was performed as above using plasmid encoding human Nav1.8. Two days after transfection, tsA-201 and F11 cells were dissociated with Versen (Invitrogen), and plated at a density of ϳ35 ϫ 10 3 cells per 35 mm Petri dish for electrophysiological recordings.
Electrophysiological recordings. Macroscopic currents were recorded at room temperature using an Axopatch 200B amplifier (Molecular Devices). For whole-cell experiments on recombinant calcium and sodium channels, the extracellular solution contained the following (in mM): 135 NaCl, 20 TEACl, 2 CaCl 2 , 1 MgCl 2 , and 10 HEPES (pH adjusted to 7.25 with KOH, ϳ330 mOsm) and the internal solution contained the following (in mM): 140 CsCl, 10 EGTA, 10 HEPES, 3 Mg-ATP, 0.6 GTPNa, and 3 CaCl 2 (pH adjusted to 7.25 with KOH, ϳ315 mOsm). Same solutions were used for outside-out experiments, excepted that the intracellular medium contained no Mg-ATP and no GTPNa. For experiments with recombinant TASK1 channel, TEACl was substituted by NaCl in the extracellular solution and CsCl by KCl in the internal solution. Borosilicate glass pipettes have a typical resistance of 1.5-2.5 M⍀. Recordings were filtered at 2-5 kHz. Data were analyzed using pCLAMP9 (Molecular Devices), and GraphPad Prism (GraphPad) software. Drugs were applied by a gravity-driven homemade perfusion device and control experiments were performed using the solvent alone. Results are presented as the mean Ϯ SEM, and n is the number of cells used.
DRG neurons. Lumbar DRGs with attached roots were dissected from adult male C57BL/6J mice and were collected in Neurobasal A medium (Invitrogen) with 10% heat-inactivated horse serum. DRGs were treated with 2 mg/ml collagenase (Boehringer Mannheim) for 40 min at 37°C, washed in Neurobasal A/10% horse serum, and taken up in 2 ml of Neurobasal B27 supplemented with GlutaMax and 25 ng/ml nerve growth factor (Invitrogen). Single-cell suspensions were obtained by six to eight passages through a reduced fire-polished Pasteur pipette tip. Cells were plated on dishes coated with 500 g/ml polyornithine and 5 g/ml laminin. Patch-clamp recordings were performed 3-28 h after plating. For calcium current recordings in DRG neurons, the extracellular solution contained the following (in mM): 130 TEACl, 5 KCl, 2 NaCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES (pH adjusted to 7.25 with TEAOH, ϳ330 mOsm) and the internal solution contained the following (in mM): 130 CsCl, 10 EGTA, 10 HEPES, 4 Mg-ATP, 0.3 TrisGTP, and 2 CaCl 2 (pH adjusted to 7.2 with NaOH, ϳ300 mOsm). For experiments on total sodium currents, the extracellular solution contained the following (in mM): 100 TEACl, 30 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES (pH adjusted to 7.25 with TEAOH, ϳ310 mOsm). For experiments on TTX-resistant sodium currents, the extracellular solution contained the following (in mM): 70 TEACl, 60 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES (pH adjusted to 7.25 with TEAOH, ϳ310 mOsm). Experiments on sodium currents were performed in the presence of 10 M La 3ϩ , a calcium channel blocker. TTX-resistant sodium current were isolated using 0.5 M TTX. The internal solution used to record sodium current contained the following (in mM): 140 CsCl, 10 EGTA, 10 HEPES, 3 Mg-ATP, 0.6 GTPNa, and 3 CaCl 2 (pH adjusted to 7.25 with KOH, ϳ315 mOsm).
Intracellular calcium measurements. Two days after transfection, cells were dissociated with Versen (Invitrogen), and plated at a density of 5 ϫ 10 4 cells per well on polyornithine-coated 96-well plates for Fluo4-AM calcium measurements. The 96-well plates were washed three times in HBSS. Cells were then incubated in HBSS supplemented with 100 g/ml pluronic acid) and 1 M Fluo4-AM (Invitrogen) for 1 h at 37°C. Following the incubation, cells were washed twice with HBSS. Intracellular calcium measurements were performed on a fluorescence plate reader (FlexStation II, Molecular Devices) and drugs were applied at 2ϫ using a fluid handling integrated device. All measurements were performed in triplicate at 30°C.
Behavioral studies. Cav3.2 KO mice were obtained from Kevin Campbell, Howard Hughes Medical Institute, University of Iowa, Iowa City, IA (Chen et al., 2003) and maintained in the C57BL/6J background. The animals were housed in groups of 6 per cage with ad libitum access to food and water. The behavioral experiments were performed on male mice, blind to the genotype. Thermal nociception was tested by measuring paw withdrawal latency (PWL) elicited by immersion of the right hindpaw into a 46°C hot-water bath (with a cutoff set at 30 s). The scores of two separate PWL determinations were averaged as basal control preinjection values. Careful attention was taken to ensure that the ambient temperature was maintained at 22-23°C. In these experiments 200 g of NAGly, NAGABA-OH, and morphine or 100 g of BSA were injected in the hindpaw using 30 gauge needle connected to a Hamilton syringe. The injected volume was 10 l for NAGly, morphine, and BSA solution and 20 l for the NAGABA-OH solution. Controls were performed using the same injected volume with the solvent alone, which induced no significant effect. All experiments were conducted following the Guidelines of the Committee for Research and Ethical Issue (Zimmermann, 1983) and in full compliance with institutional regulation on animal care and use.
Chemical reagents. Lipids were obtained from Cayman Chemical and other compounds from Sigma. In a subset of experiments, we used NAGly from Alexis Biochemicals and from Biomol and we found similar effects of NAGly on Cav3.2 (ϳ85% inhibition at 3 M, n ϭ 10 -11). Lipids were dissolved in ethanol at a concentration of 10 -100 mM. Stock solutions were briefly sonicated, aliquoted, sealed under argon, and kept at Ϫ80°C. These aliquots were dissolved daily in the extracellular solution. Control experiments were performed using the solvent alone.
Results

N-Arachidonoyl amino acids inhibit Cav3.2 current
We first investigated whether NAGly modulates T-channels expressed in tsA-201 cells (Fig. 1) . We found that Cav3.2 currents were strongly inhibited by 3 M NAGly (90% inhibition) ( Fig.  1 A) . This effect occurred in the minute range and was relieved (by 84 Ϯ 3%, n ϭ 26) with a perfusion containing bovine serum albumin (BSA, 3 mg/ml) ( Fig. 1 A, B) . NAGly also inhibited Cav3.1 and Cav3.3 currents (ϳ75% and ϳ70% inhibition at 3 M, respectively) (see Fig. 4 F and supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). As observed with Cav3.2, the NAGly effects on Cav3.1 and Cav3.3 currents occurred in the minute range and were relieved with BSA perfusion (supplemental Fig. 1 A-D, available at www.jneurosci.org as supplemental material) (washout was 94 Ϯ 4%, n ϭ 17 for Cav3.1 and 79 Ϯ 7%, n ϭ 11 for Cav3.3). Similar findings were obtained on a Cav3.2 mutant, Cav3.2(H191Q), insensitive to trace metals (such as zinc) (Nelson et al., 2007a) , which was inhibited by 3 M NAGly (88 Ϯ 2% inhibition, n ϭ 6) with a similar recovery after BSA perfusion (86 Ϯ 7% recovery, n ϭ 6) (supplemental Fig.  1 E, F, available at www.jneurosci.org as supplemental material), suggesting that in our experiments BSA effects did not involved trace metal chelation. We also found that a similar recovery of Cav3.2 currents after NAGly inhibition was obtained using 1 mM ␤-cyclodextrin (recovery was 85 Ϯ 5%, n ϭ 6) (see supplemental Fig. 1G ,H, available at www.jneurosci.org as supplemental material). Because NAGly is a substrate for FAAH (Huang et al., 2001) leading to arachidonic acid formation, which also inhibited Cav3 currents (Chemin et al., 2007a) , we investigated the effects of FAAH inhibitors. We found that treatment with 100 M phenylmethanesulfonyl fluoride (PMSF, Deutsch and Chin, 1993) or with 1 M URB597 (Kathuria et al., 2003) did not inhibit the NAGly effects on Cav3.2 (inhibition at 3 M was 86 Ϯ 1%, n ϭ 7, and was 88 Ϯ 2%, n ϭ 5, in the presence of PMSF and URB597, respectively) (see supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
We next investigated whether Cav3.2 currents were inhibited by other N-arachidonoyl amino acids containing either a serine (NASer), an alanine (NAAla), a ␥-aminobutyric acid (NAGABA), or a 3-OH-␥-aminobutyric acid (NAGABA-OH) group (see schematic structures in Fig. 1C ). We found that Cav3.2 currents were strongly inhibited by all these lipoamino acids (ϳ73-98% inhibition) (Fig. 1 D) as well as by NAEA (ϳ80% inhibition) (Fig. 1 D) and N-arachidonoyl taurine (NATau; ϳ90% inhibition) (Fig. 1 D) , and these effects were relieved by a BSA perfusion (data not shown). The NAGly-induced inhibition of Cav3 currents was dose dependent ( Fig. 1 E) with half-maximal effects (EC 50 ) at 600 Ϯ 40 nM for Cav3.2 (n ϭ 9), 1.3 Ϯ 0.1 M for Cav3.1 (n ϭ 12) and 1.6 Ϯ 0.2 M for Cav3.3 (n ϭ 9). Furthermore, these experiments revealed that NAGABA-OH was a potent T-channel blocker ( Fig. 1 D-F ) with an EC 50 of 210 Ϯ 12 nM for Cav3.2 currents, 800 Ϯ 60 nM for Cav3.1, and 1.3 Ϯ 0.1 M for Cav3.3.
A shift in the steady-state inactivation properties explains the current inhibition
We next examined whether current inhibition involves modifications in macroscopic properties of Cav3 currents (Fig. 2) . First, we observed that Cav3.2 currents were inhibited at all potentials (Fig. 2 A) with a similar inhibition of both inward and outward currents (Fig. 2 B) , suggesting that a screen charge effect is unlikely. In addition, the effects of NAGABA-OH were independent of the stimulation frequency (Fig. 2C) , further discarding an open channel block mechanism. Analysis of the current-voltage curves revealed a ϳ5 mV shift in half activation (Fig. 2 A) from Ϫ45.3 Ϯ 0.1 mV in control condition to Ϫ50.1 Ϯ 0.2 mV during 3 M application ( p Ͻ 0.01). NAGABA-OH also increased the slope of activation from 5.5 Ϯ 0.1 to 7.4 Ϯ 0.1 mV/e-fold during 3 M application ( p Ͻ 0.01). However, this shift could not explain the observed inhibition and we further investigated the effects of NAGABA-OH on the steady-state inactivation properties Cav3.2 currents (Fig. 2 D, E) . We found that NAGABA-OH induced an important dose-dependent hyperpolarized shift (ϳ20 mV) in the steady-state inactivation of Cav3.2 currents (Fig. 2 D, E) ( p Ͻ 0.01). The half inactivation values (V 0.5 ) were Ϫ71.9 Ϯ 0.9 mV in control condition, Ϫ81.1 Ϯ 0.8 mV during 1 M NAGABA-OH application and Ϫ93.1 Ϯ 1.7 mV during 3 M NAGABA-OH application (Fig. 2 E) . This result indicates that NAGABA-OH has pronounced effects at physiological holding potentials (HPs, ϳ-85/-65 mV) for which T-channels are partially inactivated. Furthermore, this latter result suggests that NAGABA-OH could act specifically on inactivated T-channels. To directly test this hypothesis, NAGABA-OH was applied to cells maintained at a HP of Ϫ110 mV, for which T-channels are mainly in the closed state (Fig. 2 F) . In these conditions, NAGABA-OH did not produce inhibition of Cav3.2 currents (n ϭ 10) (Fig. 2 F) . Together, our data suggest that NAGABA-OH inhibits Cav3.2 currents by stabilizing the channels in the inactivated state, leading to a strong shift in the inactivation curve and therefore to an inhibition of the current at physiological HPs.
Cav3.2 current inhibition persists in cell-free outside-out patches
To determine whether Cav3.2 current inhibition involves lipid metabolism, GPCR activation or protein kinase pathways, we performed cell-free outside-out patch recordings using an "intracellular" medium lacking both GTP and ATP (Fig. 3) . In this configuration, Cav3.2 currents were inhibited by the application of 3 M NAGABA-OH (Fig. 3A) with a similar time course to that observed in whole-cell experiments (Fig. 3B) , and these effects were relieved by a BSA perfusion. On average we found that the Cav3.2 currents were inhibited by 76 Ϯ 3% when 3 M NAGABA-OH was applied in outsideout patches (Fig. 3C) , indicating that Cav3.2 inhibition occurs in a membrane-delimited manner.
Effects of NAGly and NAGABA-OH on HVA calcium channels, sodium channels, and anandamide-sensitive TRPV1 and TASK1 channels We next investigated the effects of N-arachidonoyl amino acids on Cav1.2 and Cav2.2 HVA calcium channels (Fig.  4) . We found that both Cav1.2 and Cav2.2 currents were weakly affected by 3 M NAGly and 3 M NAGABA-OH (Fig. 4 A, B) . On average both compounds produced ϳ5% inhibition of Cav1.2 currents and ϳ25% inhibition of Cav2.2 currents (Fig. 4 F, G) . Furthermore, 10 M NaGly and 10 M NAGABA-OH did not further inhibit (nor activate, see below) Cav1.2 and Cav2.2 currents (n Ͼ15). Because these results were obtained for a HP of Ϫ75 mV, the selectivity of NAGly and NAGABA-OH could be explained by the steady-state inactivation properties of HVA currents compared with those of Cav3 currents (which were inactivated by ϳ35% at this HP) (Fig. 2 E) . We then performed a subset of experiments at more depolarized HPs, allowing the inactiva- .2 currents is presented as an inset (n ϭ 5-9). The current traces were elicited by a series of step depolarizations ranging from Ϫ80 to ϩ10 mV (200 ms duration) from Ϫ80 mV. B, Similar inhibition of inward and outward Cav3.2 currents by NAGABA-OH (n ϭ 5-11). In these experiments capacitive and background currents were subtracted by a ϪP/8 protocols. C, Cav3.2 current inhibition by NAGABA-OH is not frequency dependent (n ϭ 13-14). Currents were elicited by a depolarization at Ϫ30 mV (200 ms duration) applied from Ϫ75 mV at a frequency of 1 or 0.1 Hz. D, Cav3.2 currents elicited at Ϫ30 mV from HPs ranged from Ϫ110 mV to Ϫ60 mV (10 s duration, 5 mV increments) in the absence and presence of 3 M NAGABA-OH. E, Steady-state inactivation curves obtained from experiments illustrated in (D). Data were fitted with the Boltzmann equation (n ϭ 10 -15). F, No significant effect of NAGABA-OH when applied at a HP of Ϫ110 mV. tion of Cav1.2 and Cav2.2. At a HP of Ϫ40 mV, for which Cav1.2 currents were inactivated by ϳ65% (63 Ϯ 2%, n ϭ 15), 3 M NAGly and NAGABA-OH produced ϳ5-10% inhibition of Cav1.2 currents (6 Ϯ 7% inhibition, n ϭ 8, and 7 Ϯ 3% inhibition, n ϭ 7, respectively). Similarly, for a HP of Ϫ65 mV, Cav2.2 currents were inactivated by ϳ65% (66 Ϯ 2%, n ϭ 16), whereas 3 M NAGly and NAGABA-OH produced a mild inhibition of Cav2.2 currents (26 Ϯ 4% inhibition, n ϭ 7, and 31 Ϯ 9% inhibition, n ϭ 9, respectively). Therefore, in contrast with T-channel inhibition, the effects of NAGly and NAGABA-OH on HVA calcium channels were not dependent of the HP. We also provide evidence that Nav1.7 and Nav1.8 sodium channels, which have an important role in pain perception (Wood et al., 2004) , were mildly inhibited by NAGly and NAGABA-OH (Fig. 4C,D) . We found that Nav1.7 currents were inhibited ϳ15% by 1 M NAGly and NAGABA-OH and ϳ30% at a concentration of 3 M (Fig. 4F,G) . In these experiments the HP was Ϫ75 mV allowing the inactivation of Nav1.7 by ϳ55% (53 Ϯ 2%, n ϭ 14). In the same way at HP Ϫ65 mV, Nav1.8 currents were inactivated ϳ35% (34 Ϯ 4%, n ϭ 15), whereas 3 M NAGly and NAGABA-OH produced no significant inhibition (Fig. 4F,G) . We also found that the TASK1 potassium current, which was inhibited by 3 M NAEA (59 Ϯ 2% inhibition, n ϭ 9) (Fig. 4E) , was insensitive to 3 M NaGly and 3 M NaGABA-OH (Fig. 4F,G) . In addition, 10 M NaGly and 10 M NAGABA-OH neither activated nor inhibited the TRPV1 current, which was activated by 10 M NAEA and inhibited by 10 M ruthenium red (Fig. 4H,I ).
NAGly and NAGABA-OH produce thermal analgesia via Cav3.2 inhibition
We conducted electrophysiological recordings from dissociated DRG neurons to determine whether NAGly regulation also occurs with native T-channels. NAGly application resulted in a markedly reduced whole-cell T-current activity in DRG neurons (Fig. 5A) , which was relieved by a BSA perfusion. In line with the results obtained in transient expression systems, we found that NAGly had weak effects on the HVA calcium currents (Fig. 5B) as well as on both total sodium currents (Fig. 5C ) and TTX-resistant sodium currents (Fig. 5D ). On average, we found that 3 M NAGly produced an 79 Ϯ 2% inhibition of T-currents in DRG neurons, whereas HVA currents were decreased by 24 Ϯ 2%, total sodium currents by 4 Ϯ 2%, and TTX-resistant sodium currents by 13 Ϯ 2% (Fig. 5E ). Because NAGly produces analgesia in several models independently of CB receptors and TRPV1 (Huang et al., 2001; Burstein et al., 2002; Bradshaw and Walker, 2005; Burstein, 2008; Succar et al., 2007; Vuong et al., 2008) , we tested whether the NAGly-induced inhibition of T-currents results in analgesia. For this purpose, hindpaw PWL to a noxious thermal stimulus (46°C) was measured in both wild-type (WT) and Cav3.2 KO mice. NAGly increased PWL in WT mice, with strong effects 10 min after the injection [PWL was 11.1 Ϯ 0.5 s in vehicle-treated group and 19.3 Ϯ 1.6 s in NAGly-treated group ( p Ͻ 0.01) (Fig. 5F ) ]. In agreement with our hypothesis, NAGly displayed no significant analgesic effect in Cav3.2 KO mice (Fig.  5G) . Similar findings were obtained with NAGABA-OH, which induced a potent PWL increase in WT ( p Ͻ 0.01) but not in Cav3.2 KO mice (Fig. 5 I, J ) . Importantly, NAGABA-OH injection did not induce significant PWL increase in contralateral (uninjected) hindpaw (Fig. 5I ) , indicating that NAGABA-OH acted locally in skin nociceptors. In contrast to lipoamino acids, morphine induced a significant PWL increase in both WT and Cav3.2 KO mice ( p Ͻ 0.01) (Fig. 5H-K ) . Because, in electrophysiological experiments we used BSA to remove T-current inhibition by lipoamino acids, we investigated the effect of a BSA solution when injected in the hindpaw. In opposition with the effects of lipoamino acids, we found that BSA induced a thermal hyperalgesia in WT mice ( p Ͻ 0.01) (Fig. 5H ) . Importantly, no hyperalgesic effect of BSA was observed in Cav3.2 KO mice (Fig. 5K ) . Overall, our data indicate that Cav3.2 inhibition at peripheral sites is an important physiological mechanism underlying the analgesic effects of lipoamino acids. Effects of NAGly and NAGABA-OH on recombinant Cav1.2, Cav2.2, Nav1.7, Nav1.8, TASK1, and TRPV1 channels. A-C, Whole-cell currents recorded from tsA-201 cells expressing Cav1.2 channels (A), Cav2.2 (B), and Nav1.7 (C) in the absence and presence of 3 M NAGly and 3 M NAGABA-OH. Currents were elicited by a depolarization at 0 mV (200 ms duration for Cav1.2 and Cav2.2 or 20 ms for Nav1.7) applied every 5 s from Ϫ75 mV. D, Effects of 3 M NAGly and 3 M NAGABA-OH on whole-cell currents recorded from a F11 cell expressing Nav1.8. Currents were elicited in the presence of 0.5 M TTX by a depolarization at 0 mV (30 ms) applied every 5 s from Ϫ65 mV. E, Inhibition of TASK1 currents by 3 M NAEA but not by 3 M NAGly and NAGABA-OH. TASK1 currents are inhibited by a mild extracellular acidification, pH 6.5. Currents were elicited by voltage ramps of 1 s duration from Ϫ100 to 0 mV applied every 5 s from Ϫ80 mV. F, G, Summary of the effects of 1-3 M NAGly (F, n ϭ 6 -28) and NAGABA-OH (G, n ϭ 6 -19). H, Activation of TRPV1 by 10 M NAEA but not by 10 M NAGly and 10 M NAGABA-OH. Intracellular calcium measurements were performed using Fluo4-AM and drugs were applied at the time indicated by an arrow. All measurements were performed on four independent 96-well plates and were normalized to the response obtained with 1 M capsaicin (caps.) I, 10 M ruthenium red (RR) but not 10 M NAEA, NAGly, and NAGABA-OH inhibits TRPV1 activation by 1 M capsaicin. Similar experiments as in H except that Ctrl indicates the capsaicin response obtained in untransfected cells (for clarity errors bars were omitted).
Discussion
In this study, we demonstrate that NAGly strongly inhibits recombinant and native T-current in sensory neurons. This effect is not restricted to NAGly, and several mammalian lipoamino acids are potent inhibitors. Inhibition persists in cell-free patches, occurs at all potentials, and involves a large hyperpolarized shift in the steady-state inactivation of T-currents. We found that lipoamino acids have weak effects on HVA calcium channels and sodium channels as well as on TRPV1 and TASK1 channels [both being anandamide sensitive (Zygmunt et al., 1999; Julius and Basbaum, 2001; Maingret et al., 2001; van der Stelt and Di Marzo, 2005) ]. In line herewith, lipoamino acids evoked a thermal analgesia in WT but not in Cav3.2 KO mice.
NAGly and NAGABA are potent analgesics despite their inactivity at CB1 and TRPV1 receptors (Huang et al., 2001; Bradshaw and Walker, 2005; Burstein, 2008; Succar et al., 2007; Vuong et al., 2008) . NAGly is widely distributed among mammalian tissues and particularly in the pain neuraxis, including the skin, the spinal cord, and the brain (Huang et al., 2001 ). NAGly causes analgesia in the hot plate test and suppresses inflammation-induced pain (Huang et al., 2001; Burstein et al., 2002; Bradshaw and Walker, 2005; Burstein, 2008; Succar et al., 2007; Vuong et al., 2008) . Here, we provide evidence indicating that the lipoamino acid analgesic effects largely result from T-channel inhibition. We found that NAGly strongly inhibits recombinant Cav3 channels, especially Cav3.2 with an EC 50 of ϳ600 nM. Similarly, other lipoamino acids NASer, NAAla, and NAGABA are potent T-channel inhibitors and particularly NAGABA-OH with an EC 50 of ϳ200 nM for Cav3.2. It should be noted that NAGly, NAGABA, and NASer were identified in mammalian tissues (Huang et al., 2001; Bradshaw and Walker, 2005; Milman et al., 2006) , but the presence of NAGABA-OH needs further investigations. Interestingly, similar T-channel inhibition was obtained with NATau, which has a sulfonic instead a carboxylic group and is also a TRPV1 activator (Saghatelian et al., 2006) . We also report that the inhibition persists in cell-free outside-out patch using an intracellular medium lacking GTP and ATP, indicating that lipoamino acids likely act directly on Cav3 current. Overall, . E, Summary of the effects of NAGly on calcium and sodium currents in DRG neurons (n ϭ 10 -12). To limit the contamination of T-currents by HVA currents, and vice versa, HVA currents were measured as the remaining current after 150 ms, whereas T-currents were measured as the difference between the peak current and the remaining current after 150 ms.F, G, Effects of vehicle and NAGly solution on thermal pain (46°C) when injected in the hindpaw in WT(F)andCav3.2KOmice(G).ResultsareexpressedasthePWLasafunctionofthetimeafterinjection.The"Pre"valuesrepresentthevaluesobtainedbeforeinjection.H,SummaryofthedataobtainedinWT mice 10 min after injection of vehicle, BSA, NAGly, NAGABA-OH, and morphine (n ϭ 8 -10 mice per bars). Effect of NAGABA-OH on PWL in contralateral (contra.) is also reported in WT mice (n ϭ 9). I, J, Effects ofvehicleandNAGABA-OHsolutiononthermalpain(46°C)wheninjectedinthehindpawinWT(I)andCav3.2KOmice(J).EffectofNAGABA-OHonPWLincontralateralisalsoreportedforWTmiceasindicated (I). K, Summary of the data obtained in Cav3.2 KO mice 10 min after injection of vehicle, BSA, NAGly, NAGABA-OH, and morphine (n ϭ 8 -10 mice per bars).
lipoamino acids appear to be the most active endogenous ligand family acting on T-channels.
We describe that lipoamino acids have no effect on TRPV1, TASK1, Nav1.7, and Nav1.8 channels as well as on Cav1.2 and Cav2.2 calcium channels. It was showed recently that NAGly and NASer produce an increase of N-type currents (Cav2.2 related) in sympathetic ganglion neurons (Guo et al., 2008) . We did not observe this effect on HVA currents recorded from dissociated DRG neurons, which express mainly N-type currents (Beedle et al., 2004) , and this regulation could be specific of sympathetic neurons. Interestingly, using recombinant Cav2.2 we found in ϳ30% of the cells a transient current increase (ϳ20% on average), which was followed by a small current decrease compared with control values.
Alternative mechanisms were proposed to explain the biological activity of NAGly. NAGly is subject to cyclooxygenase and lipooxygenase metabolism, producing metabolites with unknown functions (Prusakiewicz et al., 2007) . However, these metabolites are probably not involved in the T-channel inhibition since similar inhibition was obtained in cell-free outside-out patches. The NAGly effects could also involve the inhibition of FAAH leading to an increase in NAEA levels (Huang et al., 2001; Burstein et al., 2002) . However, NAGly analgesic effects persist in the presence of CB receptor antagonists suggesting that NAGly mediates analgesia independently of NAEA levels (Succar et al., 2007; Vuong et al., 2008) . Accordingly, we found that Cav3.2 inhibition persisted after incubation with PMSF or URB597, both being potent FAAH inhibitors (Deutsch and Chin, 1993; Kathuria et al., 2003) . NAGly also inhibits the GLYT2a glycine transporter with an EC 50 of ϳ5 M (Wiles et al., 2006) . However, NAGly effects are complex leading to both potentiating and inhibitory effects (Yang et al., 2008) , similar to those observed on HVA calcium channels. Finally, NAGly was initially described as a potential ligand for orphan GPCRs GPR18 and GPR92 (Kohno et al., 2006; Oh et al., 2008) but these results were not confirmed in recent studies (Williams et al., 2009; Yin et al., 2009 ) and need further investigation.
We demonstrated that NAGly strongly inhibits native T-currents in DRG neurons, which are mainly supported by Cav3.2 channels. Recent studies demonstrate a high density of Cav3.2 currents in a subpopulation of DRG nociceptors (termed "T-rich" or "c2-type"), which express mechanosensitive currents and TRPV1 currents (Nelson et al., 2005; Coste et al., 2007) . In these neurons, Cav3.2 currents promote neuronal activities by lowering the action potential threshold (Nelson et al., 2005 (Nelson et al., , 2007a . Accordingly, it was demonstrated that agents that enhance T-currents (as L-cysteine) induce a thermal and mechanical sensitization, whereas inhibitors produce an analgesia (Todorovic et al., 2001; Nelson et al., 2007a) . In line herewith, we demonstrate that both NAGly and NAGABA-OH evoked a thermal analgesia in WT but not in Cav3.2 KO mice. In agreement with previous studies (Bourinet et al., 2005; Choi et al., 2007) , we observed that Cav3.2 KO mice display a basal thermal analgesia. Despite their constitutive analgesia, we provide evidence that a strong pharmacological analgesia can be obtained in Cav3.2 KO mice, as assessed with morphine. However, it should be noted that morphine is a very potent analgesic and this would explain its effect in Cav3.2 KO mice. Interestingly the level of analgesia obtained with NAGABA-OH was equivalent to that induced with the same dose of morphine. We also try to investigate whether endogenous lipoamino acids produced a tonic T-current inhibition "in vivo" and its potential implication in pain. Since no adequate pharmacological tool to manipulate the "in vivo" lipoamino acid levels is described, we used an alternative approach. We provide evidence that BSA, which removes T-current inhibition by lipoamino acids in our electrophysiological experiments, induced a thermal hyperalgesia in WT mice. It should be noted that BSA effects could involve the removal of other endogenous T-channel ligands, including zinc (Nelson et al., 2007a) or other lipids (Chemin et al., 2007a; Ross et al., 2009) , as well as the removal of endogenous ligands acting on other targets [as anandamide on TRPV1 ]. Importantly the BSA effects were absent in the Cav3.2 KO mice, suggesting a T-channeldependent mechanism. These findings suggest that a reduction in the tonic inhibition of Cav3.2 currents by endogenous ligands induces hyperactivation of afferent pain fibers.
Our data reveal that the lipoamino acid-induced inhibition of Cav3.2 current is dependent of the channel inactivation state. The block is negligible for negative HPs at which the Cav3.2 channels are mostly in the closed state. Also, the block involves a large shift (ϳ20 mV) in the Cav3.2 steady-state inactivation curve. These findings indicate that lipoamino acids produced current inhibition by stabilizing the channels in the inactivated state, leading to a shift in the inactivation properties and to current inhibition at physiological membrane potentials. Binding to the inactivated channels is an important feature of the lipoamino acid-induced inhibition of Cav3.2 currents since it could confer tissue selectivity. For instance, the dihydropyridines that preferentially inhibit inactivated L-type channels are anti-hypertensive drugs by acting on vascular tissues while having little effect on the heart (Triggle, 1992) . In this context, it should be noted that NASer, which has recently been isolated from brain, induced vasodilatation in rat mesenteric arteries and abdominal aorta (Milman et al., 2006) . Considering that T-currents are expressed in several vascular tissues and that Cav3.2 KO mice present an impaired vasorelaxation (Chen et al., 2003) , the modulation described in this study could account for vasodilatory properties of lipoamino acids.
While our study highlights Cav3.2 as an important target for lipoamino acids, we found that Cav3.1 and Cav3.3 were also inhibited (EC 50 ϳ1 M). Whereas the physiological role of Cav3.3 is still unknown, KO mouse studies indicated that thalamic Cav3.1 is implicated in slow-wave sleep (Lee et al., 2004) and absence epilepsy (Kim et al., 2001 ). Furthermore, it was demonstrated that Cav3.2 is also implicated in epileptogenesis and that Cav3.2 KO mice present resistance to spontaneous seizures in a hippocampal epilepsy model (Becker et al., 2008) . Since lipoamino acids NAGly and NAGABA were found in high level in the hippocampus and the thalamus (Bradshaw et al., 2006) , they could be relevant to this neurological disorder by acting on both Cav3.1 and Cav3.2. Overall, lipoamino acids could modulate many physiological and pathophysiological events via the inhibition of the three T-channels. Future studies will be necessary to confirm these issues, as demonstrated here in pain perception.
In summary, we provide evidence for a new regulation of T-channels occurring via an endogenous ligand family, most members of which are present at sites where T-channels are expressed and display major functions. The potent inhibition of these channels by lipoamino acids suggests that this modulation is highly relevant to neuronal physiology.
